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GONVERSION EFFICIENCY IN THE PRODUCTION OF 
SULPURIC AGID BY THe CONTACT PROCESS 


A Uk aan 
The catalysts now used in the manufacture of oul- 
furie soid from sulfur dioxide by the contact process are 
either vanadium oxide or finely divided platinum deposited 
on @ suiteble carrier. Numerous investigntors have studied 
the catalytic oxidation of sulfur dioxide with the objective 
of formulating equations to represent the reaction rate. 

The moot recent contribution is the set of theoretical equa 
tions of Uyehara and Wataon2, who have correlated the data 
of Lewis and Riee® py on expression based on the theory of 
activated adsorption presented by Mougen an4 Watson®, This 
equation fite the experimental data of Lewis anf Ries as — 
well ag their own empirical equation, and ins here used in 


making comparisons of conversion efflolencies with varying 
i1oad rates, 


The basic reaction for 


commereial production of 
sulfurie aeid by heterogeneous catalysie is credited te 
Peregrine Phillios, who wae iesued e Britiegh patent in 183] 
for the oxidation of sulfur dloxide by paseing a mixture of 
sulfur dioxide and air through a hot pisatinun tube’, There 


Was no really commercial aprlication of the aontaet process 


for @ long time after this, The chemical and engineering 


conditions for practical application of the contact process — 


had not developed, the existing chamber process was ade- 
quate to eupply the demand for acid of orliinary consentre- 
tion, ani there was vory little demant for fuming sulfuric 
acid. 

The discovery of synthetic methods for making 
alizarin from anthraquinone, in 180, created a very active 
demant for fuming sulfurie acid, Sinee the manufacture of 
fuming acid from chamber acid is expensive and inefficient, 
this new demand resulted in renewed interest in the contact 
process. Partly beeause of the erroneous theory of Vinkler 
that the reaction gases should be used in stoichiometric 
proportions. progress vas very slow. Gradually, however. 
successful contact processes were developed. The early 
development was in Germany. anf most of the early work was 
Gone by Badisohe Anilin-und Sodae-Fabrik. For a long time 
the operating conditions were kept confidential; about 1900 
the eesential features of the process were disclosed and 
patents covering them were igscved. Until 1°27 the only 
practicable commercial processes used platinum as catalyst; 
in i927 the use of vanadiun in the nonmexohangeable nucleus 
of non-siliceous base-oxchaniwes carriers develoved by Jaeger 
ana his associates was introduced to the commercial field. 

The most successful platinum catalysts have been 


those carried on sueports such as asbestes fiber. magnesium 


sulfate, and elliea gel. these different types having be- 
gome more or lees identified with the particular proceas 

in which they are employed. The preparation of these oata- 
 yete, although simple in principle, 19 in practice some- | 
thing of an art, ‘The process involves the wetting of the 
carrier with a solution of a platimm salt, uguelly pletinie 
ohloride. and then reducing the salt to metallic platinum, 
With pletinized magnesium sulfate and platinized asbestos, 
about 8 to 6 trey ounces of platinum ner daily ton of sule 
furie act4 are required®, Thies corresponds te a concentras 
tion of platinum of about 0,2 to °%.3 ner cent in the mage 
negium eulfate mace as compared to 6 to 10 per cent of the 
weight in the asbestos ontalyet. 

Although the use of vanadium eatelyste for the 
oxidation of eulfur dioxide wae sugsested ao early ag 1806, 
it vas not until sbovt 1927 that the introduction of Jaeger's 
improved catalyets placed vanafium maseces in a vosition to 
eompete commercially with the platinum catalysts. The 
vyanedivum masses are prepared by the deposition of salte of 
venedium pentoxide on a carrier such ae Kieselgubr”, The 
activity of the commercial catalyste 1s usually greatly ine 
creaged by the adfition of “promoters* such as potaseium, 


SCeloiua, and barium compounds. The mechaniem of the oxi- 


dation reaction on these catalyste preeumsbly involves the 
reduction of the vanafiwa to one of the lower oxides and 


the later reeoxidetion to the ventoride, 


In the operation of any commereinl prosess the 
most important factors which the engineer oan control are 
‘tomers ture, pressure, ratio of reactants, catalyst. and 
tine of contact. These controllable factors may affect 
either the equilibrius or the reaction rate. Temerature, 
pressure, and ratio of reactants may affeot both the equil- 
ibrium and the rate of reaction; a catalyst ean affeot only 
the rate at which equilibrium is established. In determining 
‘the optimum operating conditions for a reaction it is 
necessary to analyze the problem both from a viewpoint of 
equilibrium yield and reaction velocity. 


hi CONVERS IO} 
Equilibriua yield can be oomouted from the familiar 
mass action relations. The reaction under consideration may 
be represented by the chemical equation: 

Me + 120% = 5 
The generel macs-action equation for this reaction isa: 
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In the computation of the equilibrium yield or percentage 
conversion of %p to %, the following symbols are used: 
& « Holeg of %g in original mixture. 
b @ Moles of Og in original mixture, 
6 # Moles of Ny in original mixture. 
xX «w Fraction of in original mixture con- 
verted to 50, when equilibrium ie reached. 
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The expreesion for the law of mass sotion may now be written 
in the form aes 
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20249 clvee an expreseion for equilibrium convergion as a 
function of temperature ané initial eas composition. If ve 
speelfy the analysia of the original mixture we ean sompute 
the equilibrium convergion at any Geetred tenmernature. 
Figure (1) has been prepared from Equation (1) for three 
aifferent cae mixtures. It indlectes the theoretical per 


oentece converaion that weuld be obtained if equllibrius 


were established in the system at the various temperatures. 
In commercial practice complete equilibrium is very seldon 
achieved because the length of time required for equili- — 
brium to be reached would require equipment of prohibitive 
size. However, even when the resetion does not precesd to 


equilibrium in the available contact time, the operation 
may be commercially feasible if the approach to equilibrium 
is raodda. 


Many of the factore influencing the equilibrium 
conversion also play an important role in deteraining the 
reaction rate. Sometimes a ohenge that increases the rate 
of reaction reduces the extent of the conversion. For ex» 
ample, while the equilibrium conversion decreases from 
99.2 per cent at 400° G, to 93.0 per cent at 600° ¢., the 
reaction rate at the higher temperature is avvroximately 
forty times that at the lower temperatureS, 

The oxidation of sulfur dioxide is a reaction 
the rate of which can be greatly increased by the presence 
of @ catalyst - usually either finely divided platinum or | 
vanadium oxide. To arrive at a baeie for equipment design, 
many investigators have atudied this reaction with the pure 
pese of formulating a mathemationl expression for reaction 
ra tege 

The oxidation of sulfur dioxide on platinum oata- 
iyste has been extensively invectigated by Bodenstein and 


rink’, Entetsoh”, ond Taylor and Leaher®, at steht 
heen made by thess workers to correlate the remdte by om y 
- pirdeal equations, As a result of experiments carried out 8 
At constont volume fx/lor ant Lesher sropowed an equation 
of the fom — 


| ol pene ra A 
| dt Me. AA | a 
in which "x" represents the preseure change in pee "ots 
 *e* Le the oxygen pressure at the beginning of the experl- 
| mental rum minua the oxygen pressure at equilibrium, and — 
"ge? i@ one-half the sulfur trioxide pressure at the start 
of the run. ie 
Grosvenor and Phillips? introdueet the following 
syakole in avplying Equation (9) to con@itions of sonatent 
pressure and expressing quantities as moles per 100 noles 
at original unoxL@ived gag containing ne sulfur trloxide: 

X = Moles of 9, at any instant. 

Kk, = Moles of 86, in original mixture. 

Xe = Moles of 805 at equil’briun, 

& = Totel number of moles of gae¢ at the instant. 

G = A feetoer to oonvert the pressure unite of 

Taylor and Lenher into molee per 10° moles 
of original gas. 

k « CK @ *activity" of Gatalyst. 

Substitution of the above nomenelature into Equation (2) 


procduses 


of as as a constant at ite averege value, te at alll 
= eh dana “Xz # FXo te) 
“fg the Ke. bin-Xe * Wa I 
(inven fae Weal 
Rxeept for iS eritical work 4, may be assumed to be 
100, simoe the change in volume ie relatively emali. ‘This 
equation has been recommended by Grosvenor and Phillipe for 
computing approximate partial conversion obtained as a gas 
passes successively through several parte of a commercial 
sonverter.— | 
If no sulfur trioxide is present in the initial 
gas mixture, ainoe (X, = %,) « 0, Equation (4) aimplifies to 
thai [WK log ett Vile _ vam) 
The i430 nower ty nes eatalyste may be evaluated | 
im terme of a atandard by this equation. HMoedification of 
conversion by variations in gas composition and flow rates 
Gan alco be predicted. Such computations are faolli tated 
vy the construction of ourves correlating the difference be- 
tween equilibrium conversion and the obtained conversion 
with the "time activity® product, Kt, for a given tempera- 
ture. However, computations with the above equations asaune 
Leothermal conversion; in most actual units the conversion 
is effected in adiabatic steps. Modifications must be intro- 
duced to make the equations apply to adiabatic conditions. 


"Moreover, the above oxpresetona are based on experimental 
- observations using platinum catalysts; strict applicability 


te other types of catalysts cannot ve assumed 


in 1027, Lewis and Ries” investigated the re- 
action under conditions which more nearly approximated com 
mercial practice, and attempted to correlate their data by 
an empiriesl equation, More recently, Uyehara and vateon!® 
have developed a theoretical equation based upen the theory 
ef activated adsorption which represents the experimental | 
data of Lewis and Ries aa adequately as does the empirical 
relation proposed by them. 

The formulation cof any theoretical equation for 
revresenting the rate of reaction in any chemical change 
must be postulated upon some mechanism for the reaction, 
there are many Commercially important gas reactions, such 
as the one in question, which are known to ococur more rapide 
ly a9 heterogeneous processes on the surface of a solid 
catalyst than ag a homogeneous gaz phase reaction, It hae 
been generally agreed thet the orlmary function of the 
Gatelyst ls to afdeord the reaoting molecules and by so doing 
to redvee the activation energy required for the reaction 
Adeoretion of gasee by solids may fall inte one of two types 
depending upen the nature ef the forces involved: (a) Van 
der Vaal's adaorptiocn, in which the forces are of a physical 
natwre; amd (bd) "Chami sorption" or aotivated adsorption, 


which involves forees of ea nature similar to those involved 


sn te sepeorpatiobengreeeseates 
he meohantam of reactions astiaiile at the sur 
Ds: catadl elstdites: tnieuhnns tenn. obiphe par 
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main body of the gaseous mixture to the solid — ' 
Amtverface, eas .. ay. 
(2) Adoorption of the reactants on the surface of 
‘the catalyst. ae 
(3) Reaction on the aurfsce of the catalyst to 
form adsorbed products. 
(4) Desorption of the reaction products. 
(5) Mass transfer of the gaseous products from 
the surface te the bulk of the gaa phase. 
If any one of the consecutive eteps takes place much more 
slowly than all of the rest, the slow reaction determines 
the overall reaction rate. By analysis of experimental data 
it 19 possible to eliminate certain of the poesible steps as 
rate-determining in a partioular process. For exemple, if 
the mass transfer of reactents or, more fundamentally, if 
Giffusion were the rate-determining ctep. the temperature 
| eoefficient cof the reaction rate would be of the same omer 
ae for gaseous 4iffusion. Nowever, gaseous diffusion rates 
do net vary exponentially with temperature as do rates to 
heterogeneous chemical reactions but in provertion to the 
equars root of the tempercture.* 


Ag pointed out by Bougen and Watson®, tho rates 


i = vo? i 
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of these different stene depend upon widely different factors 

in af@ition to the concentration gradiente involved. The 

etepe involving maes tranefer are controlled by the 4iffuse  ~ 
ivities of the partiowlar gases present and the degree of 
turbulence in the flow system. The stens involving adsorp- 
tion and desorption depend on the character and extent of 
the catalyst ourface and the activation energies required 
for the adsorption and desorption of the components involved, 
The actual rate of the surface reaotion depends won the 
extent and character of the eatalytic surface, insofar ae 

it affeete the activation energies required for the parti-~ 
Oular reaction. Mougen and Yateon have developed theoreti- | 
eal rate equations based upon these coneepts and on the 
reasonable aceumption that one of the four steps may be re- 
garded ag rate controlling, and that the other steps are so 
rapid relative to the controlling rate that equilibrium will 
be reached with reevect to them. 

Uyehara and Yatgon™® have applied the resulting 
equations to the reaotion involving the catalytic oxidation 
of sulfur dloxide on the surfece of a platinum oatealret. 
Their Line of attack ie based on the possibility of four 
rate~determining steps: activated adeorption of sulfur 
dioxide, activated adsorption of oxygen, and desorption of 
the sulfur trioxide. They assume that oxygen ie atomically 
adsorbed on the oatalyst, that one of the four stepe controle 
the rate, and that the remaining steps are relatively go 
feet that they reach and maintain equilibrium, With these 


assumptions Uyehara and Watson have applied the theoretical — 
relations of Hougen and Watson® to yield the following — 
equations for each of the possible rate controlling stepe: 
Adsorption of sulfur dioxide rate aaanueean wa Ba 
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Adsorption of oxygen rate cum wetithins similar to above, 
Desorption of sulfur trioxide rate controlling, 
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The symbols are defined as follows: 
r @ reaction rate, moles/unit mass of 


catalyst/unit time. 


&. # effectiveness factor. 

GC ws overall rate constant. 

Tt sm temperature degrees Kelvin. 

OH # overall standard @nthalpy change. 


R @ gas law constant. 
= overall fluid reaction equilibrium conetant. 
Ww ss proportionality constent relating concen- 


tration change to reaction rate, r. 


7,» Os a> SORTA preseerey atneupheres. 
rom @ qualitative analysis of experimental data 
neted as a possibility by the fact thet the initial rate of 
oxidation wae increased by an inerease in partial pressure 
of either sulfur 4loxide or oxygen, whereas Equation (6) 
would require that the initial rate of oxidation be reduced 
by the increased concentration of oxygen. The possibility 
of oxygen adsorstion being rate controlling ie eliminated 
similarly. Desorption of sulfur trioxide concentration is 
indented by experimental data, Equation (@) for the rete 
of surface reaction was selected by Uyehara and Yateon as 
beet representing the qualitative trends observed in experte 
mental data, The nitrogen concentration was show by 
Bodenstein and Pink! to have no effect on the oxidation rate, 
ac that in their finel equation Vyehara and Yetcon have 
dropped out all terme involving the adsorption equllibriun 
oonsteant of nitroeren. Py icetting 
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Equation (8) can be written 
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The adsorption constanta are evaluated from experiq 
mental data. If the concentration of sulfur dioxide is 


verle¢ while the other concentrations are held cenectant. a 


tat ur 


plot of Val Sale «Against Pep, will 


produse a straight line, the slone of which is A, Acc 
By similar plots correlating partial pressures of oxygen and 
sulfur trioxide at the same temperature, the other constants, 
Ko,Mez ant Aso,/e oan be evaluated, By 

substituting vakues of the constants thus found in Equation (9) 
Gy oan be evaluated by applying it to each exerimental ob- 
servation at the temperature under consideration. 

Experimental data show that initial oxidation rate 
ig direotly proportional to the first power of the partial 
preseure of sulfur 4ioxide, and a vlot of Equation (9) pro- 
duees a straight line the slope of which ie almost zero. 
Thus the term Peo Keo, in the denominator of the rate equa- 
tion is negligible in comparison to the other terms and in 
the final equation 1s omitted. 

Uyehara and Wateon's final equation tekes the 
following form: 
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and they recommend the use of the following constants: 
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Tho quantity wijG for the particular catalyst in 
use muot be evaluated fron experimental observations. By _ 
r/wi,0 gan be commuted for any temerature anf comosition 
of gac. Gurves presented in Pigure (2) represent such com 
putations based on en initial gas commosition of 7.8 per 
gent 80g, 10.8 per cent Op, anf 82.4 per sent No. In this 
ease the logarithm of (r/wi,c) x 104 has been plotted against 
the friotion of sulfur Gioxite in the original mixture com 
verted to sulfur trioxide, 


If the constants w, B,, an’ © have been evaluated 
for a catalyst. the use of the rate equation neralts the 
determination of the volume of oatalyst required for seouring 
& speeified conversion at a known rate of feed, As show 
by “ougen and Watson5, in an elementary orese section of 
satelyst bed heaving « volume @V {f a conversion 4% 1a prow 
Gueed, it necessarily follows from the definition of reaetion 
rate, ©, that Fax = rp,dV, where F ie the reactor feed 
rate in moles per unit time, A ie the moles of Mp» converted 
per mole in the initiel feed, Pp, is the bulk density of the 
catalyst, and V ie the volume of the reactor. Ae shown in 
Pigure (2), r = 2(%) eo that we have av Reig whieh 


wpon integration gives the voluwne of the reactor 


E | aXx/etx) 
Ves z{s (212) 


Gonversion data are commonly expressed in terms of apace — 
velocity. 3,, which may be define’ as volumes of feed, 
measured at stantarl confitions, per unit time per unit — 
volume of catalyst. ‘pace veloolty oan be obtained fron 
Squation (12) since ) 

| (12) 


whore Mp ie the average molecular weight of the reactor 
feed ond pp is the density of the feed at stanfard conditions. 
Evaluation of the integral may be aesomplished by graphical 
methods. pil 

Even though the constants w. E,, ani ¢ have not 
been evaluated for the catelyst in use, the rate equation 
makes possible the comparison of conversions at different 
flow rates and the prediction of conversions that may be exe 
peoted for 4ifferent rates of feed. . This merely involves 
the evaluation of the integral asset under the 


two conditions. For example, a gas mixture whioh contained 
initielly 7.8 per cent %»5, 10.8 per cent O59, and 61.4 per 
cent li, has passed through a preliminary converter in which 
conversion hag proceeded to the extent of 50 per cent is to 
be introduced into an iscthermal converter at 400° 0, for 
final treatment at a rate such that 3, equals 900 euble feet 
pes hour per oubie foot of catalyst and leaves the converter 


at a eomposition corresponding to a conversion of %6 per 
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gent. It le deetred to determine the conversion which could 

be expected with the same converter if the space velooity 

were inoreaced to 1aN¢ ouble feet rer hour per ouble foot é 
of Gatalyet. For thic type of problem 1% 18 convenient te - 
plot oumulative values of the integral versus fraction con 
verted. ac shown in Figure (3). Then 1t 128 only neseseary 

to reef from the chart the desired conversion corresponding 

to the value of the integral. In the example, letting X, 

be the required conversion we have from Equation (12) 


Sembination of these equations olvan 


a2 
O/AX = 3 wee) ‘ 


0.80 0.60 
' ‘ 6,96 
From ourve "A", Figure (3) aX/2(X) = 72.0 and we 
0.60 ~ 
nave \ire.c)= Be. 


Again from Figure (3) we find that the conversion corres 
ponding te this value for the integral is 93.2 per cent. 


In an adiabatic converter, the temperature, end — 
therefore the renotion rate. varies from point te point. 
By the application of « heat balance it 1s possible to ex 
presa the temperature ae a funetion of the fraetion of gule 
fur Gioxide converted ané further to define the resection 
rate as a function of temperature, To illustrate let us 
suppose that a burner gas having 7.8 per cent %», 10.8 per 
cent O., and 82.4 per cent No has passed through a prelimi- 
nary converter and that SC per cent conversion hag reculted, 
After cooling, the gas enters an afiabatic converter at 
400° GO, at a space veleolty of 1200 ouble feet per hour ner 
euble foot of catalyst and a conversion of 80 per cent is 
obtained, It is desired to determine to what rate the space 
veloeity must be refueet te obtain a conversion of % ver 
cent. Ye shall assume a mean heat capacity for the gag mite 
ture throughout the range of temperature involved of 7.2 gram 
Calories per gram mole per degree ¢. OF for the reaction 
will be teken ac 22,5°° gram aaleries per mole. In omfer to 
make the computed valuee for temmeratures oorresponting to 
fractions of sulfur dioxide converted fall upon the isotherns 
previously plotted in Pigure (°), conversions required to 
produce temperature rises. At, of 26, 80, 76. and 100° g, 


will be computed. Taking 10°C moles eae mixture sontaining 
5.9 per cont %p, 8.86 per cent Og, and 91.4 per cent No, 
we have 

Ot @ 22500(x) /(7.2)(100) or x = 720 At/22500, 
where x is the aumber of moles of 50, converted in the 


eAiabatic reactor, Then the total fraction of M5 con- 
yerted in both preliminary end Pinel converter will be — 
Xm (3.9 + 720 44/22000) /7.6 
Substituting in this equation values for S$ we find that 
X, hae the following values at the temperatures indicated: 
apo® ¢ azseec = a Gare GG Bn0 Gg 
X, 0.80 0.62 0.72 0.81 0.92 


by drawing the broken curve through the isotherms on 
Figure (2) corresponding te these pointe we obtain a curve 
eorrelating the reaction rate and conversion efficiency for 
the adiabetie conversion. Using this curve ae our function 
for the resection rate Pima again by grachieal integration 


evaluate the integral | aX/f*(X%) for adiabatic conditions 
0.8 
and as has been done for the ieothermal case plot the ou 


lative values of the integral against fractional conversion. 
This appears as curve "B*, Fagure (3). From this curve we 
find that for a conversion of 80 per cent the integral 


ax/e" (x) has a value of 14.5 ané the value correspont- 
0.80 
ing to % per cent conversion is 19.4. Inserting these 


Values in the equation 


Pat. 8) ° 80 
ax/f(X) = o ax/2* (xX) 
o,86 0, 60 é 


we have 18.4 2 ABO (14. 3) 0 6 and the desire’ apace volooity, 


dsS(39N0) = 952 oublo feet per hour per ouble foot of 


SURARY | 

the increased demand for high strength sulfuric 
acid brought about by the synthesis of dyestuffs reoul ted 
in the introduction of a new prosess for the manufacture 
of eulfurie acid involving heterogeneous catalysis. There 
heve been constant improvements in the process arising from 
improvements in deagign and control which had their basie in 
the fundamental thermodynamic ana kinetic properties of the 
chesieal reaction. Experimental investigation by numerous 
workers hag produced empirical and theeretical relations 
which can be used as a tool in the design of equipment and 
in detersining optimum conditions of operation. Thies paper 
hae illustrated the manner in which reagtion rate@ oan be 
used in predicting conversion in the contact vrovess for 
sulfurie acid production. | 
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